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Summary
DNA double-strand breaks (DSBs) can be repaired by
either homologous recombination (HR) or nonhomol-
ogous end-joining (NHEJ) [1]. In vertebrates, the first
step in NHEJ is recruitment of the DNA-dependent
protein kinase (DNA-PK) to DNA termini [2]. DNA-PK
consists of a catalytic subunit (DNA-PKcs) that is re-
cruited to DNA ends by the Ku70/Ku80 heterodimer
[3]. Although Ku has been identified in a wide variety
of organisms, to date DNA-PKcs has only been iden-
tified experimentally in vertebrates. Here, we report
the identification of DNA-PK in the nonvertebrate Dic-
tyostelium. Dictyostelium Ku80 contains a conserved
domain previously implicated in recruiting DNA-PKcs
to DNA [4] and consistent with this observation, we
have identified DNA-PKcs in the Dictyostelium genome.
Disruption of the gene encoding Dictyostelium DNA-
PKcs results in sensitivity to DNA DSBs and defective
H2AX phosphorylation in response to this form of
DNA damage. However, these phenotypes are only
apparent when DNA damage is administered in G1
phase of the cell cycle. These data illustrate a cell
cycle-dependent requirement for Dictyostelium DNA-
PK in signaling and combating DNA DSBs and repre-
sent the first experimental verification of DNA-PKcs
in a nonvertebrate organism.
Results
Conservation of DNA-PK in Dictyostelium
Dictyostelium discoideum has been used extensively
to study cell motility, signal transduction, and cell-type
differentiation [5], but relatively little is known about the
molecular mechanisms of its DNA repair processes. By
searching the Dictyostelium genome database (http://
dictyBase.org), we identified two open reading frames
that exhibit a significant degree of homology to Ku70
and Ku80 (dictyBaseID numbers DDB0232001 and*Correspondence: nicholas.lakin@bioch.ox.ac.ukDDB0232002 respectively; Figure 1A). Dictyostelium
Ku80 contains a conserved C-terminal extension (Fig-
ure 1B) that has previously been shown to be required
to recruit human DNA-PKcs to sites of DNA damage [4].
Accordingly, we identified a gene in the Dictyostelium
genome database encoding a protein of 4299 amino
acids that exhibits 27% identity and 46% similarity to
human DNA-PKcs throughout its entire open reading
frame (dnapkcs; DDB0229336) and contains a con-
served phosphatidylinositol-3-kinase-like kinase (PIKK)
domain at its C terminus (Figure 2A).
DNA-PKcs is a member of the PIKK family of protein
kinases [6]. The Dictyostelium genome contains or-
thologs of other PIKKs including ATR (DDB0229332),
Smg1 (DDB0229297), TRRAP (DDB0229338), and
mTOR (DDB0214908) ([7]; Figure 2B), although we have
been unsuccessful in identifying an open reading frame
that exhibits significant homology to ATM. Dictyostel-
ium DNA-PKcs is more related to DNA-PKcs from a
variety of species than to other PIKK family members
(Figure 2B). In addition, the predicted sequence con-
tains several motifs conserved in PIKK family members
including FAT and FAT-C domains [8, 9] and several
putative autophosphorylation sites implicated in DNA-
PKcs function [10, 11], including T2609, T2638, and
T2647 (Dictyostelium DNA-PKcs; S2789, T2814, and
T2822).
DNA-PK Is Not Required to Combat DNA DSBs
in Vegetative Dictyostelium Cells
Strains in which dnapkcs or ku80 have been disrupted
(dnapkcs- and ku80−) were verified by Southern blotting
(data not shown) and Western blotting by using anti-
bodies raised against recombinant Dictyostelium DNA-
PKcs or Ku80 (Figure 3A). Expression levels of either
Ku80 or DNA-PKcs do not change significantly
throughout the life cycle of this organism (data not
shown) and neither dnapkcs− nor ku80− strains exhibit
any obvious defects in development (data not shown),
consistent with neither protein playing a role in this
process.
Given that loss of mammalian DNA-PKcs renders
cells hypersensitive to DNA DSBs [1], we investigated
whether Dictyostelium lacking either DNA-PKcs or
Ku80 are sensitive to the DNA DSB-inducing agent
bleomycin. However, neither vegetative dnapkcs− nor
ku80− strains exhibit any increase in sensitivity to bleo-
mycin when compared to wild-type controls (Figure 3B).
DNA-PKcs Is Required to Effectively Combat
DNA DSBs Administered to Dictyostelium
during G1 Phase of the Cell Cycle
Despite showing a defect in NHEJ, sensitivity of
Saccharomyces cerevisiae ku80 and ku70 mutant
strains to DNA DSBs is only revealed when compo-
nents of the HR pathway are also disrupted [12, 13].
These data have been interpreted to indicate that
Saccharomyces mainly uses HR to repair DNA DSBs,
although it is capable of NHEJ. Therefore, one possible
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1881Figure 1. Conservation of Ku70 and Ku80 in Dictyostelium
(A) A phylogenetic tree was constructed in ClustalW by using the neighbor joining method and rooted by using bacterial Ku. The predicted
protein sequences for the Ku family members identified in Dictyostelium were compared against those identified in a number of other species.
(B) Sequence alignment of the C-terminal 14 amino acids predicted for Dictyostelium Ku80 (DDB0232002) with the equivalent C-terminal
amino acids from Homo sapiens (accession number P13010), Mus musculus (P27641) and Xenopus (BAA76954) Ku80 proteins. Amino acids
conserved in three or more species are highlighted in black and similar amino acids in gray.reason we do not see sensitivity of dnapkcs− and ku80−
strains to bleomycin is that HR is the predominant path-
way by which DNA DSBs are repaired in vegetatively
growing Dictyostelium cultures. In support of this, axe-
nically growing Dictyostelium cells are known to be pre-
dominantly in the S and G2 phases of the cell cycle [14],
a state that would support HR-mediated repair of DNA
DSBs [15].
Therefore, Dictyostelium cells were exposed to bleo-
mycin in a state that is predicted to preclude DSB repair
by the HR pathway in haploid cells, namely the G1
phase of the cell cycle. Dictyostelium prespore cells
have been reported to arrest the cell cycle in G1 when
undergoing differentiation and subsequently synchro-
nously pass through G1 and into S phase on spore ger-
mination induced by heat shock [16]. Therefore, isolated
spores from differentiated Ax2, dnapkcs−, and ku80−
strains were induced to germinate and assessed for
their ability to survive exposure to bleomycin adminis-
tered in G1 phase of the cell cycle.
Cells emerge from spores at similar rates in Ax2,
dnapkcs−, and ku80− strains in either the presence or
absence of bleomycin (Figure 4A and 4B). As previously
reported for Ax4 cells [16], FACS analysis of all three
strains is consistent with the majority of cells being
synchronised in G1 after hatching of spores with pro-
gression of cells into S phase occurring within 24 hr ofgermination (Figure 4C). Thus, under our experimental
conditions, we are transiently exposing all three strains
to bleomycin for a similar amount of time during G1
phase of the cell cycle. In contrast to vegetative cell
cultures, hatched spores of dnapkcs− and ku80− strains
exhibit a marked increase in sensitivity to bleomycin
when compared to parental controls (Figure 4D).
Dictyostelium DNA-PKcs Mediates Phosphorylation
of H2AX in Response to DNA DSBs
Induction of DNA DSBs results in phosphorylation of
the histone variant H2AX in a manner that is dependent
on PIKK family members in a variety of organisms [17].
We have identified an open reading frame in Dictyo-
stelium that exhibits significant homology to H2AX
(DDB0216271), including a putative PIKK phosphoryla-
tion site at its extreme C terminus (amino acid S151;
Figure 5A). Using a phosphospecific antibody that spe-
cifically recognizes human H2AX only when phosphory-
lated at the PIKK phosphorylation site (S139; γ-H2AX),
we observe induction of a band in response to bleo-
mycin treatment of Ax2 cells that migrates at the pre-
dicted molecular weight for Dictyostelium H2AX (Figure
5B). Consistent with this antibody recognizing phos-
phorylated Dictyostelium H2AX, this bleomycin-induc-
ible band is observed in histone extracts (Figure 5C),
and this reagent recognizes a bleomycin inducible
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1882Figure 2. Conservation of DNA-PKcs and Other PIKK Family Members in Dictyostelium
(A) The predicted protein sequence of the C-terminal kinase and FAT-C domains of Dictyostelium DNA-PKcs (downstream of amino acid 3884)
was aligned with the protein sequence of DNA-PKcs from Homo sapiens (accession number AAP69525), Mus musculus (NP_035289), and
Xenopus (BAA36690) by using ClustalW, in Bioedit. Amino acids conserved in three or more species are highlighted in black and similar
amino acids in gray.
(B) A phylogenetic tree was constructed in ClustalW by using the neighbor joining method and rooted by using TRRAP. The predicted protein
sequences of the C-terminal kinase domain for PIKK family members identified in Dictyostelium was compared against those identified in a
number of other species.band that comigrates with overexpressed recombinant
epitope-tagged Dictyostelium H2AX (data not shown).
Consistent with a lack of sensitivity of vegetative
dnapkcs− and ku80− strains to bleomycin (Figure 3B),
H2AX phosphorylation is still apparent in these strains
after administration of this agent during vegetative cell
growth (Figure 5D).
In order to establish whether DNA-PK is required to
phosphorylate H2AX during G1, Ax2, dnapkcs−, or ku80−
strains were induced to germinate from spores, incu-
bated in bleomycin for up to 1 hr while these cultures
were in G1, and phosphorylation of H2AX assessed by
Western blotting. Induction of H2AX phosphorylation is
observed in Ax2 cell cultures after addition of bleo-
mycin (Figure 5E). However, much reduced phosphory-
lation of H2AX is observed when bleomycin is adminis-
tered to dnapkcs− strains, illustrating that Dictyostelium
DNA-PKcs is required for signaling DNA DSBs to H2AX
during G1.
Surprisingly, phosphorylation of H2AX is evident in
ku80− Dictyostelium strains after treatment with bleo-
mycin in G1 (Figure 5E). These data suggest that either
Ku80 is not required to mediate the DNA-PKcs-depen-
dent phosphorylation of H2AX during this stage of the
cell cycle or that in the absence of Ku80 another kinase
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oan compensate for loss of DNA-PK function. Previ-
usly, caffeine has been shown to sensitize Dictyostel-
um cells to ionizing radiation [18]. Given that caffeine
s known to inhibit the kinase activities of mammalian
TM, ATR, and DNA-PK with different IC50 values in vivo
19, 20], we compared the concentrations of caffeine
hat are required to inhibit the phosphorylation of H2AX
n Ax2 and ku80− strains exposed to bleomycin during
1. DNA-PKcs-dependent phosphorylation of H2AX in
1 Ax2 cultures exposed to bleomycin persists at caf-
eine concentrations above those required to inhibit
hosphorylation of H2AX in the absence of Ku80 (Fig-
re 5F). Thus, phosphorylation of H2AX observed in the
u80− strain in response to bleomycin administered in
1 is likely to be attributable to another kinase other
han DNA-PK.
iscussion
ecently, in silico studies have lead to the identification
f potential DNA-PKcs orthologs in nonvertebrate or-
anisms [21]. Here, we report the functional identifica-
ion of DNA-PKcs in the nonvertebrate Dictyostelium. It
s well established that NHEJ-mediated DNA repair can
ccur in a wide variety of organisms. However, the de-
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1883Figure 3. Vegetative Ax2, dnapkcs− and ku80− Cells Are Not Sensi-
tive to Bleomycin
(A) Western blot analysis of nuclear extracts prepared from expo-
nentially growing parental Ax2, dnapkcs− and ku80− cells were car-
ried out with antisera raised against the DNA-PKcs or Ku80 Dictyo-
stelium proteins. Western blots were also performed by using actin
antisera as a control for equal loading.
(B) Exponentially growing parental Ax2, dnapkcs−, and ku80− cells
were harvested and subjected to bleomycin sensitivity assays as
described in the Supplemental Experimental Procedures. Results
are expressed as the percentage of survival of strains relative to
untreated controls, and error bars indicate SEM (standard error of
the mean).gree to which this pathway contributes to repair of DNA
DSBs differs between species. For example, although
NHEJ plays an important role in the repair of DNA DSBs
in higher eukaryotes, HR is thought to be the predomi-
nant pathway by which this type of DNA lesion is re-
paired in yeast. In Dictyostelium, we observe that loss
of two proteins predicted to play a role in NHEJ (DNA-
PKcs and Ku80) results in no increased sensitivity to
DNA DSBs in vegetative cells. One interpretation of
these data is that HR is the predominant pathway by
which DNA DSBs are repaired in this organism during
vegetative cell growth. The efficiency of gene disrup-
tion in Dictyostelium by targeted-HR and the high resis-
tance of vegetative Dictyostelium cells to agents that
cause DNA DSBs [22] might support this hypothesis.
We rationalized that a sensitivity of dnapkcs− and
ku80− strains to bleomycin would be revealed under cir-
cumstances in which HR is defective. Unfortunately, we
have been unsuccessful in generating Dictyostelium
strains defective in components of the HR pathway.
Given that deletion of certain HR pathway components
can lead to cell lethality in higher eukaryotes [23-26], itis possible that disruption of the HR pathway in Dictyo-
stelium may lead to cell inviability. As an alternative
strategy, therefore, we exposed dnapkcs− and ku80−
cells to bleomycin in G1 phase of the cycle and, consis-
tent with our hypothesis, both strains exhibit sensitivity
to this DNA damaging agent under these conditions.
Although we have yet to directly assess NHEJ in Dicty-
ostelium, these data suggest that similar to mammals
[27] and yeast [28, 29], NHEJ is required for Dictyostel-
ium to efficiently combat DNA DSBs during G1 phase
of the cell cycle.
Dictyostelium DNA-PKcs is clearly required for effi-
cient phosphorylation of H2AX during G1. Surprisingly,
H2AX phosphorylation is evident in ku80− strains. How-
ever, DNA-PKcs-dependent phosphorylation of H2AX
in G1 Ax2 cultures exposed to bleomycin persists at
caffeine concentrations above those required to inhibit
this phosphorylation event in ku80− strains. Thus, bleo-
mycin-inducible phosphorylation of H2AX in G1-phase
ku80− cells is not attributable to DNA-PK. One possible
explanation for this is that although DNA-PKcs is ab-
sent in dnapkcs− cells, the Ku70/Ku80 heterodimer is
still capable of interacting with sites of DNA damage.
One consequence of this could be that Ku protects
DNA ends and inhibits other kinases from being re-
cruited to the site of DNA damage. However, in ku80−
strains there is no protection of the DNA ends, allowing
another kinase(s) that phosphorylates H2AX to gain ac-
cess to the sites of DNA damage. Given recent ad-
vances that allow the disruption of more than one gene
in Dictyostelium [30, 31], it will be interesting to investi-
gate this possibility by disrupting candidate kinases
that phosphorylate H2AX in a ku80- genetic back-
ground.
The classical view of PIKK family function in higher
eukaryotes is that while DNA-PKcs is required for NHEJ
of DNA DSBs, ATM and ATR signal DNA damage to
components of the cell cycle checkpoint machinery [6].
However, this compartmentalization of the roles of dif-
ferent PIKKs in the DNA damage response is becoming
increasingly blurred. For example, phosphorylation of
H2AX in response to DNA DSBs can be performed by
ATM or DNA-PKcs in a functionally redundant manner
[32], and although ATM was believed to play a minor
role in NHEJ, recent evidence suggests this kinase is
required for processing of DNA DSBs in order to allow
efficient DNA end joining [33]. Although conservation of
DNA-PKcs was until recently thought to be limited to
vertebrates, ATM and ATR exist in a wide variety of eu-
karyotes (Figure 2B). Although Dictyostelium has a
functional ortholog of DNA-PKcs, no ATM ortholog is
apparent in the genome of this organism (Figure 2B).
Thus, one plausible explanation for the conservation of
DNA-PKcs in Dictyostelium might be to compensate for
loss of ATM. In the future it will be interesting to test
this possibility further and assess the role of DNA-PKcs
in both NHEJ and cell cycle checkpoint control in Dicty-
ostelium.
Supplemental Data
Supplemental Data including Supplemental Experimental Pro-
cedures are available with this article at http://www.currentbiology.
com/cgi/content/full/15/20/1880/DC1/.
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1884Figure 4. Loss of DNA-PKcs or Ku80 Results
in Sensitivity to Bleomycin Administered
While Dictyostelium Cells Are Hatching from
Spores
(A and B) Ax2, dnapkcs− and ku80− spores
were isolated from two-day-old fruiting bod-
ies and induced to germinate as described
in Supplemental Experimental Procedures
either in the absence (A) or presence (B) of 1
mU/ml bleomycin. The percentage of spores
that had hatched at various times after heat
shock was assessed by microscopic exami-
nation. Error bars indicate SEM.
(C) Ax2, dnapkcs−, and ku80− spores were
isolated from two-day-old fruiting bodies
and induced to germinate as described in
Supplemental Experimental Procedures. Af-
ter heat shock, samples were taken at the
time points indicated and the distribution of
cells throughout the cell cycle assessed by
FACS analysis. For comparison, a population
of exponentially growing cells (“asynch.”)
was also analyzed. The number of nuclei per
cell did not significantly alter over the time
course of this experiment in any of the
strains illustrating that the increase in the
DNA content observed in FACS is not attrib-
utable to cells becoming multinucleate in
axenic culture (data not shown).
(D) Ax2, dnapkcs−, and ku80− spores were isolated from two-day-old fruiting bodies, induced to germinate, and subjected to bleomycin
sensitivity assays as described in Supplemental Experimental Procedures. Results are expressed as the percentage of survival of strains
relative to untreated controls, and error bars indicate SEM.Figure 5. Phosphorylation of H2AX in Re-
sponse to Bleomycin Is Dependent on DNA-
PKcs as Dictyostelium Cells Hatch from
Spores
(A) The predicted C-terminal ten amino acids
of H2AX from Dictyostelium were aligned
with the corresponding amino acids from
Homo sapiens (NP_002096) and Mus muscu-
lus H2AX (NP_034566) in addition to S. cere-
visiae H2A.1 (AAC33142). Amino acids con-
served in three or more species are
highlighted in black and similar amino acids
in gray. The conserved serine residue phos-
phorylated in response to DNA DSBs is
marked with an asterisk (*).
(B) Exponentially growing Ax2 cells were
treated with the indicated concentrations of
bleomycin for either 20 min or 1 hr. Whole-
cell lysates were subjected to Western blot-
ting using antisera raised against phosphor-
ylated H2AX (γ-H2AX). The blot was re-
probed with antisera raised against actin to
confirm equal loading.
(C) Exponentially growing Ax2 cells were ex-
posed to the indicated concentrations of
bleomycin for 1 hr. Histones were isolated by
acid extraction of nuclear pellets and sub-
jected to Western blotting with γ-H2AX anti-
sera. Blots were reprobed with histone H3
(H3) antisera to confirm equal loading.
(D) Exponentially growing parental Ax2, dnapkcs−, and ku80− cells were treated with 100 mU/ml of bleomycin for times up to 1 hr and analyzed
for phosphorylation of H2AX as in (B).
(E) Two-day-old spores from parental Ax2, dnapkcs−, and ku80− cells were induced to hatch by heat shock as described in the Supplemental
Experimental Procedures. After 10 hr of incubation in growth media, cells were exposed to 100 mU/ml of bleomycin for up to 45 min as
indicated. Whole-cell lysates were analyzed for phosphorylation of H2AX as in (B).
(F) Two-day-old spores from parental Ax2 and ku80− cells were induced to hatch by heat shock as described in Supplemental Experimental
Procedures. After 10 hr of incubation in growth media, cells were exposed to 100 mU/ml of bleomycin for 1 hr in the presence of increasing
concentrations of caffeine as indicated. Whole-cell lysates were analyzed for phosphorylation of H2AX as in (B).
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Note Added in Proof
While this manuscript was under review, a report by Block and
Lees-Miller identified putative homologs of DNA-PKcs and other
components of the NHEI pathway in the Dictyostelium genome:
Block, W.D. and Lees-Miller, S.P. (2005). Putative homologues of
the DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
and other components of the non-homologous end joining ma-
chinery in Dictyostelium discoideum. DNA Repair (Amst.) 4, 1061–
1065.
